ABSTRACT Uplink grant-free schemes have the promise of reducing the latency of a user-equipmentinitiated transmission by avoiding the handshaking procedure for acquiring a dedicated scheduling grant. However, the possibility of successfully delivering a payload within a latency constraint may be severely compromised in case of grant-free operations over shared radio resources. In this paper, we study the performance of two different uplink grant-free schemes over shared resources recently discussed within the fifth generation new radio standardization, namely, a solution based on a stop-and-wait (SAW) protocol and a blind retransmission approach. Performance is evaluated assuming Rayleigh fading channels with a maximum ratio combining (MRC) multi-antenna receiver. Analytical results show the benefits of grant-free transmission with respect to the traditional grant-based approach for a tight latency constraint. A highorder receive diversity is beneficial to leverage the MRC gain and enables the possibility of achieving the 10 −5 outage probability target set for ultra-reliable low-latency communication services. The blind retransmission approach is significantly penalized by identification and signaling errors, while a SAW solution with potentially scheduled retransmissions out of the shared bandwidth leads to the lowest outage probability, at least for frequent packet arrivals.
I. INTRODUCTION
Uplink transmissions in cellular networks are typically grantbased, i.e. an User Equipment (UE) can transmit its payload provided a scheduling grant (SG) is received from a serving base station (BS) upon request. Grant-free operations, where UEs initiate a transmission without requesting such SG, are instead considered a promising solution for the latencycritical services targeted by fifth Generation (5G) radio access technology [1] . Semi-persistent scheduling (SPS) with preallocation of radio resources, is the most known grant-free operation and is considered a valid approach for periodic types of traffic [2] . In case of sporadic packet arrivals, the usage of shared radio resources for a group of uplink grant-free UEs is instead advocated as a necessary solution for avoiding a prohibitive resource wastage [3] .
Collision-prone transmission over shared resources has recently witnessed a regrown attention in the research community given the emergency of a plethora of novel Internetof-Things (IoT) use cases, with a major focus on massive access [4] . The basic ALOHA and slotted ALOHA protocols [5] have known limitations in terms of maximum asymptotic cell throughput in case collisions are considered as disruptive events. However, simultaneous transmissions can in practice still be resolved, especially in case interference suppression receivers are in place [6] . An uncoordinated strategy for maximizing the throughput of a time slotted random channel is proposed in [7] . Enhanced non-orthogonal schemes such as Sparse Code Multiple Access (SCMA) [8] or Interleaved Division Multiple access (IDMA) [9] achieve robustness to collisions by using user-specific signatures, and aim at boosting the cell capacity with respect to traditional orthogonal resource allocation. Fundamental limits of collision-prone random access communication in terms of achievable rates in noise-limited and interference-limited regimes are derived in [10] . Most of the existing work focus on maximizing the number of supported users for a given set of resources, as well as in limiting the device energy consumption. However, low latency constraints are typically disregarded.
Different options for latency-critical uplink grant-free transmission are instead discussed within the 3rd Generation Partnership Project (3GPP) standardization body for the upcoming 5G New Radio (NR) [1] . The performance in terms of delay and throughput of such schemes has been recently empirically evaluated in a large network setup with extensive system level simulations [11] , considering the challenging target of a 10 −5 outage probability with 1 ms latency as targeted by Ultra-Reliable Low Latency Communication (URLLC) services. A recent contribution [12] studies instead the collision probability in shared resources considering the possibility of resolving them with repetition mechanisms and multi-user detection; the analysis is based on empirical Signal-to-Interference plus Noise Ratio (SINR) thresholds for detection derived from previous simulation studies. In general, extensive system level simulations addressing reliability performance require a larger number of snapshots compared to traditional broadband traffic studies in order to capture the low percentiles of failure probabilities targeted by URLLC services.
In this paper, we present a simple analytical model for studying the reliability of latency-constrained uplink grantfree transmission over shared resources, and evaluate its performance over Rayleigh fading channels with Maximum Ratio Combining (MRC) receivers at the BS [13] . Such receivers, though unable to suppress the interference, strengthen the power of the intended user and therefore add a tier of protection with respect to eventual collisions. We consider a traditional Stop-and-Wait (SAW) protocol and a solution based on blind retransmissions, both discussed within the 3GPP for 5G NR [1] . In particular, we derive the final outage probability upon retransmissions as a function of the occupied resources, packet arrival rate and number of receive antennas at the BS. Identification and signaling errors are also included in the analysis, since they are expected to have a significant impact when assessing reliability performance [14] . The decoding failure probability is calculated by using recent results from channel coding literature in the finite blocklength regime [15] . To the best of our knowledge, an analytical study of the reliability of the proposed uplink grant-free solutions has not been presented yet in the literature; though such type of studies has obvious limitations with respect to extensive Monte Carlo simulations, it allows to obtain fundamental insights on the potential of the techniques before running computationally heavy simulations.
The rest of the paper is structured as follows. Section II describes the scenario as well as the targeted grant-free schemes. The packet failure probabilities are derived in Section III. Performance results are presented in Section IV, while Section V resumes the conclusions and states the future work.
II. SYSTEM MODEL
We consider N users sharing a frequency band of W Hz for their uplink grant-free transmissions. The bandwidth is divided in K equally-sized frequency chunks. When a packet arrival occurs, a UE selects randomly one of the K frequency chunks for its transmission. No link adaptation is considered; every packet of B bits is mapped over a frequency chunk and a number of N S OFDM symbols corresponding to a single Transmission Time Interval (TTI) of duration T TTI seconds. We denote as λ the packet arrival rate per TTI. The UEs are assumed to be perfectly synchronized. We further assume λT 0 1, where T 0 denotes the total time needed for transmitting a packet (including eventual retransmissions); the packet inter-arrival time is larger than the needed time for delivering a packet, such that queueing effects at each UE can be neglected. A grant-free transmission is composed of a UE identifier, mapped over, e.g. a preamble, followed by the payload. The usage of reference sequences such as Zadoff-Chu as preambles is currently studied within 3GPP [16] given their attractive auto/cross-correlation properties [17] , which allow discriminating a number of simultaneously transmitting UEs. The preamble can also be used for estimating the channel responses of the transmitting UEs for coherent detection.
We consider the UEs operating over a flat Rayleigh fading channel, i.e. the channel response is constant over the selected frequency chunk, however, it can vary at every transmission or retransmission. The users are power controlled such that their transmissions are received at the same average power, though their instantaneous receive power may change at each transmission due to Rayleigh fluctuations.
The BS is equipped with M receive antennas and MRC receivers. It is well known that MRC receivers allow strengthening the SNR by coherently adding the multiple receive copies of the signal of interest, thus boosting its strength.
All the studied transmission procedures are depicted in Figure 1 , and described next.
A. SAW PROCEDURE
Upon a packet arrival, the UE attempts to transmit its packet in one of the available grant-free resources. After a transmission, the UE will be waiting for a feedback message from the BS for a time equal to T = 2τ + T BS P + T FB , where τ denotes the propagation delay, T BS P is the processing time at the BS, and T FB is the duration of a feedback message transmission.
The grant-free transmission is successful in case the UE is correctly identified, and its payload correctly decoded. A positive acknowledgment (ACK) will be issued from the BS and the UE will not start a retransmission in case the feedback message is received within a delay T relative to its transmission. In case of unsuccessful decoding, we distinguish the following two options: at the UE necessary for decoding an eventual feedback message.
• SAW B: Retransmissions over dedicated resources. The BS is able to issue a SG for the retransmission. This happens in case the UE is correctly identified, but the detection of its payload fails. The scheduled retransmission will happen over dedicated interference-free resources out of the bandwidth allocated to grant-free transmissions. The possibility of using granted resources within the bandwidth allocated for grant-free transmission is left for future work. It is worth noticing that the UE identifier is not to be retransmitted over the granted resources. In case the UE is not identified, neither a SG or a ACK will be issued by the BS; after a T interval, the UE will attempt a retransmission over shared resources similarly to the SAW A scheme. A retransmission over shared resources will also happen in case the UE is correctly identified (but its payload not successfully decoded) at a certain transmission, but it misses the reception of the SG from the BS.
The procedure can repeat until a maximum number Q SAW of transmissions is reached. Q SAW is to be set such that the last transmission is finalized at a time t ≤ T − τ − T BS , where T denotes a maximum tolerable latency. This is meant to give the BS and UE the necessary time for processing the receive data and the feedback message, respectively. In this study we assume Q SAW = 2, i.e. a UE can rely at most on a single retransmission in case the first transmission is not identified or correctly decoded, or the SG is missed. This is consistent with the assumptions of previous studies (e.g., [11] , [18] ) in terms of UE/BS processing times and TTI numerologies adopted within 3GPP for the evaluation of multiple access schemes for NR [1] , based on the URLLC target of T = 1 ms. Such assumptions will be further discussed in Section IV. A generalization of the model for Q SAW > 2 based on Markov chains is subject of our current research.
B. BLIND PROCEDURE
In this case, the UE transmits its payload Q bl times over shared resources, in consecutive TTIs. A feedback from the BS is not required. In order to establish a fair comparison with the SAW procedure in terms of overall time dedicated to a packet transmission, we set Q bl = Q SAW +
T T TTI
. The last blind transmission is then finalized at the same time as the second transmission of the SAW procedure (as also highlighted in Figure 1 ).
C. GRANT-BASED TRANSMISSION
As a baseline for our analysis, we consider the case of a traditional grant-based uplink transmission. Upon a packet arrival, the UE sends a scheduling request (SR) to the BS. The BS processes the SR, and responds with a SG which indicates the dedicated resources where the payload is to be transmitted. We assume that such resources are out of the shared bandwidth. In case the transmissions of the SR and SG have the same duration as payload and SG transmission in the SAW A scheme, the payload transmission will be then finalized at the same time as the second transmission in SAW A scheme, as also shown in Figure 1 . This means, only one transmission is possible in order to cope with the same latency target of T seconds. In practice, scheduling delays due to multiple users simultaneously requesting dedicated resources may jeopardize the possibility of coping with the latency target in case of limited available bandwidth. In the rest of the paper, we will however neglect such scheduling delays and study our baseline grant-based scheme with the optimistic assumption that there is sufficient bandwidth for allowing multiple UEs simultaneously requesting radio resources to perform one transmission without exceeding the latency target.
III. CALCULATION OF OUTAGE PROBABILITY
The goal of an UL grant-free transmission for URLLC is to ensure that a large number of UEs can successfully complete their payload delivery within a limited time with an outage probability not higher than a certain target P out,t . In order to calculate the outage probability, let us define the following variables:
• I : probability of missed UE identification;
• P c (z): probability that z users select the same frequency chunk of the UE of interest for their transmissions, with z = 0, . . . , N − 1;
• γ (z): data decoding error probability for the UE of interest received with average Signal-to-Noise Ratio (SNR) γ in case z interferers are active over the same frequency chunk where the UE is transmitting.
• s : probability of missing a signaling message from UE or BS. We consider here the same miss probability for SG and ACK, as well as for the SR for the grantbased option.
It is clear that identifiers, e.g. preambles, need to be designed such that
P out,t , depending on the transmission procedure. In case Zadoff-Chu sequences are used as preambles, such requirement may translate to the need of using long sequences which occupy a significant amount of the radio resources [16] . Analyzing resource usage of ZadoffChu sequences for reliable UE identification is however out of the scope of this contribution. Note that, though both preamble and payload undergo the same instantaneous fading, their detection is based on different processing, i.e. correlationbased detection for the preamble and data demodulation plus forward error correction for the payload. In the following, we assume for simplicity that the probability of missed UE identification is independent from the data decoding error rate.
From the definitions above, the probability of correctly decoding a payload is given by:
Observe that, the capability of the receiver to resolve z ≥ 1 collisions translates to γ (z) < 1. Collisions can be resolved thanks to the MRC gain and the possibility of eventual low channel gains of the interfering UEs. The probability of correct decoding in case of a collision-free transmission reads
In the following, the final outage probability after the maximum number of transmissions is derived for the three schemes presented in Section II. Note that combining gains resulting from multiple retransmissions are not considered here.
A. SAW PROCEDURE 1) SAW A
The first transmission is successful in case the UE is correctly identified, and its payload decoded. This happens with probability P co,1 = (1 − I ) P d . In case the first transmission is not identified, or it is identified but its payload not decoded, the UE will not receive a positive ACK and will perform a retransmission over shared resources. The probability of a correct reception of the retransmitted payload can be simply calculated as P co,2 = 1 − P co,1 (1 − I ) P d . The failure probability is then given by P SAW ,A out
2) SAW B
The probability of a correct first transmission is given by P co,1 . In case the first transmission is not properly identified, a blind retransmission over shared resources will happen. The probability of a correct blind retransmission is given by P co,bl = I (1 − I ) P d . In case the first transmission is correctly identified though not correctly decoded, and the SG is correctly received, the UE will retransmit its payload in dedicated collision-free resources. In this case, the probability of a correct detection is given by P co,de
In case the first transmission is identified but fails, and the SG is not correctly received, an automatic retransmission will also happen. The probability of its correct detection is given by P co,noFB
The failure probability within first transmission and retransmission, reads then P SAW ,B out
Note that the SAW B scheme requires extra granted resources out of the bandwidth allocated for grant-free transmission. Such resources are used with a probability P grant = P a (1 − I ) (1 − P d ), where P a denotes the transmission probability of the UE, and will be calculated in Section III-D.
B. BLIND PROCEDURE
The probability of a correct first transmission is also given by P co,1 . The receiver needs to attempt decoding the second transmission in case the first transmission is not identified, or it is identified but not decoded. The probability of a correct reception is then given by P co,2 = I (1
For a generic Q-th transmission, with 1 ≤ Q ≤ Q bl , the probability of a correct reception is then given by P co,Q = Q q=1
The final outage probability can be then calculated as P out = 1− Q bl Q=1 P co,Q .
C. GRANT-BASED PROCEDURE
The single-shot grant based procedure is successful provided the SR and SG are correctly detected, and the payload is decoded. This happens with a probability P co,grant
The failure probability is then simply given by P out = 1 − P co,grant .
All the derived final outage probabilities are summarized in Table 1 . It is worth observing that the variables and the analytical model presented in this section can also be adopted for deriving error probability of other grant-free schemes than the ones treated here, e.g. the proactive scheme presented in [11] .
D. COLLISION PROBABILITY
The expressions of the achievable error probabilities presented in Table I depend on P d and therefore on the collision probability P c (z), which is calculated here. Let us start by defining the probability that u UEs transmit a packet in the VOLUME 6, 2018 same TTI, which is given by [19] 
The transmission probability P a will be calculated in the next subsection.
Given such u simultaneously active UEs, the probability that p of them select the same frequency chunk for their transmission is given by:
The P c (z) probability is then given by
1) TRANSMISSION PROBABILITY
In case of Poisson arrivals and single transmission by each user, P a = 1 − e −λ , with λ being the packet arrival rate [19] . However, in practice P a is affected by packet failures or missed feedback, which leads to retransmissions. For the SAW A scheme, P a can be expressed as P SAW ,A
The last term in the sum above refers to the case in which the packet is correctly decoded, but the ACK is missed; this does not affect the failure probability but leads to an unnecessary retransmission. Note that, since P a is also function of P d and therefore of P c (z), (5) is to be solved with numerical techniques.
For the SAW B scheme, we have P SAW ,B
For the blind retransmissions approach, the transmission probability is simply given by P bl a = Q bl 1 − e −λ .
E. DECODING ERROR PROBABILITY
The probabilities of correct/erroneous reception presented above are functions of the decoding error probabilities γ (z).
Such errors are ultimately depending on the transmission rate R in the occupied radio resources. In this work we consider all the UEs to operate at the same rate R = B/n, where n stands for the number of resource elements where the codeblock is mapped. In a practical implementation, this corresponds to the case of the same Modulation and Coding Scheme (MCS) used by all the UEs. With the assumptions defined in Section II, the number of available resource elements can be calculated as n = W K f N s , with f denoting the OFDM subcarrier spacing.
There are well-known expressions in the literature for calculating the outage probability for transmissions over fading channels as a function of the average SNR, the transmission rate R and the receiver type [20] . In case capacity-achieving codes are used, the lowest outage probability for a given R can be obtained. However, classic information theoretical results are built on the assumption that large codeblocks are used, and are not directly applicable to small codeblocks as targeted by uplink grant-free transmissions [21] . Polyanskiy et al. [15] have introduced the concept of channel dispersion which estimates the rate penalty with respect to Shannon capacity due to the limited codeblock lengths. Achievability (i.e., lower) and converse (i.e., upper) bounds of the rates as a function of the codeblock length were derived in [22] and [23] , for a large set of channels including block-memoryless or quasi-static Rayleigh/Rice fading, considering multi-antenna schemes with different degrees of channel knowledge at transmitter and receiver. We characterize here the decoding error probability by considering the normal approximation of both achievability and converse bounds of the rate. For the case of a quasi-static Single-Input-Multiple-Output (SIMO) Rayleigh fading, where the channel response remains constant across the payload transmission, the following relationship between the normal approximation of the achievable rate R and the decoding error probability holds:
where
2π e −t 2 /2 dt. We then estimate the error probability γ (z) in presence of z interferer by averaging over the distribution of the SINR f β,z , i.e.
For the case of MRC receivers and flat Rayleigh channels where all the interferers are received with the same average SNR γ , f β,z reads [24] f β,z (x)
for 0 ≤ x < ∞, where (·) denotes the Gamma function [25] . Note that the presented model can be easily generalized to other fading profiles and receiver types by using their respective SINR probability density function. It is worth mentioning that Eq. (7) is to be considered as an approximation of the error probability since it assumes that the interference is Gaussian distributed.
IV. PERFORMANCE RESULTS
We analyze the performance of the presented grant-free schemes by considering a number of users transmitting packets of B = 32 bytes over shared radio resources according to a Poisson arrival rate. When not differently specified, we assume a bandwidth of W = 10 MHz shared by N = 50 users. The UEs are power controlled such that their average SNR per antenna when measured over the entire bandwidth is γ = 3 dB. We assume the same UE power for the different bandwidth allocation cases, i.e. different values for K ; operating over a single frequency chunk leads then to an SNR equal to K γ given the higher power spectral density. We consider a TTI duration of N s = 2 OFDM symbols, corresponding to a minislot in the recently defined NR terminology [1] . For a f = 15 kHz subcarrier spacing, this leads to T TTI = 0.143 ms when the same Cyclic Prefix duration (short configuration) as in Long Term Evolution standard [26] is considered. We assume for simplicity that propagation delay is negligible, and processing times as well as feedback transmission time have similar duration of a TTI, i.e. T BS P ≈ T UE P ≈ T FB ≈ T TTI . As a consequence, from the definition in Section II.B we obtain Q bl = 5. When not differently specified, we set I = s = min 10 −3 , 1 − P d , i.e. identification and signaling errors are not larger than the payload decoding error. We further consider here that the specified bandwidth W refers to the resources allocated for the payload, i.e. the overhead for the preamble transmission is not considered in this analysis. From the definition in Section III-E, the rate per TTI turns out to be R = 0.192 · K .
The performance is studied by using the analytical framework presented in the previous sections. Simulation results are also included for the sake of validating the analytical model. Simulation results are obtained by generating random packet arrivals and Rayleigh fading coefficients for each user at each receive antenna, and by using the known SINR expression for MRC receiver in case co-channel interferers are present [27] . The decoding error probability is then calculated with Eq.(6), i.e. the actual data coding and decoding of the user packets is not simulated. Figure 2 displays the probability of having z UEs colliding in a TTI, assuming K = {1, 5}. The collision probability obviously increases with the packet arrival rate λ. The SAW B scheme leads to the lowest collision probability since the retransmission happens on dedicated resources in case the SG is correctly received. The blind scheme suffers instead from a higher collision rate given the repeated transmissions of each packet. The gap between the different configurations increases visibly with the arrival rate. Obviously, dividing the bandwidth in K = 5 frequency chunks reduces significantly the collision rate, though the same trends as in K = 1 persist. It is worth noticing that, despite of the presence of 50 users sharing the same resources, the number of statistically relevant interferers is significantly lower even for high packet arrival rates. Figure 3 shows the probability of a decoding failure (1 − P d ) as a function of the number K of frequency chunks where the bandwidth is divided, considering the cases of M = {2, 4} receive antennas. While for M = 2 antennas and frequent packet arrivals (λ = 10 −2 ), the dependency of the failure probability to the bandwidth allocation is rather weak, lower arrival rates and M = 4 antenna configuration clearly benefit from operating over the entire transmission bandwidth (K = 1). The advantage of using a robust transmission FIGURE 3. Probability of a decoding failure. VOLUME 6, 2018 rate clearly overcomes the higher power spectral density and reduced collision probability coming from K > 1 configurations. The error of contention-free transmission (1 − P C free d ) is also shown in Figure 3 ; this corresponds to the error probability of a traditional grant-based transmission over dedicated resources provided no errors in the SR and SG happen. As expected, no major improvement is visible with respect to transmission over shared resources at low arrival rates.
A. COLLISION PROBABILITY

B. PROBABILITY OF A DECODING FAILURE
C. FINAL OUTAGE PROBABILITY
The final outage probability P out as a function of the arrival rate λ is shown in Figure 4 for M = 2 receive antennas, assuming K = 1. The three grant-free options as well as the grant-based approach are analyzed. The case of no identification or signaling error ( I = s = 0) is also included, and the target outage probability P out,t = 10 −5 defined by 3GPP for URLLC services is highlighted [3] . Signaling errors lead to an outage probability floor. The grant-free blind scheme offers the lowest outage probability at low/medium arrival rates. However, it is outperformed by the SAW B scheme at high arrival rates, when the higher number of collisions starts impacting the performance. No benefits of using the SAW A configuration are visible, and its performance approaches the one of grant-based scheme at very high arrival rates. Note, however, that only the blind approach is able to reach a lower failure probability than P out,t at low/medium arrival rates in case of signaling errors. The benefits of assuming no identification/signaling errors are rather minor for the SAW schemes, while the absence of identification errors leads to a major improvement for the blind approach. Performance for M = 4 receive antennas is shown in Figure 5 . The higher combining gain of the MRC receiver translates to a significant reduction of the achievable failure probability. All the configurations (including the grant-based one) are able to cope with the target P out,t at least at low-tomedium arrival rates. The SAW A and blind scheme have a higher final outage than P out,t only for λ > 10 −2 . In general, the grant-free configurations clearly overcome the grantbased one for not-too-frequent packet arrivals. Differently from the 2 receive antenna case, when identification and signaling errors are considered the Blind scheme is now slightly overcome by the SAW A one for λ > 10 −4 , while SAW B leads to the lowest outage. The absence of signaling errors leads to limited performance improvement for SAW A, while SAW B and the blind scheme significantly benefit from it.
It is worth recalling that the performance benefit of the SAW B scheme comes at the expense of extra radio resources for the granted retransmissions. For K = 1, an amount of resources equal to W = 10 MHz and T TTI = 0.143 ms is to be allocated out of the shared bandwidth assigned to grant-free operations. Figure 6 displays the probability P grant of allocating such extra-resources as a function of the arrival rate. The probability of allocating an equal or larger amount of dedicated resources for the grant-based option is also shown for comparison. Operating with M = 2 receive antennas, leads to a more frequent necessity of allocating extra-resources than in the M = 4 case; this is a consequence of the higher decoding failure rate at the first transmission due to the limited MRC gain when only 2 receiver branches are used. On the other hand, the M = 4 case is more sensitive to the arrival rate. For M = 2, P grant increases indeed of a factor of ∼ 10 5 when moving from λ = 10 −5 to λ = 0.3 · 10 −2 , FIGURE 6. Probability of granting radio resources out of the grant-free shared bandwidth for SAW B scheme.
compared to a factor of ∼ 10 7 for M = 4. The usage of dedicated resources is in any case significantly lower than the grant-based option even at high λ.
D. RESOURCE EFFICIENCY
The analysis presented above was meant at addressing the suitability of the discussed schemes in achieving a target outage probability for a given scenario, i.e. W = 10 MHz and N = 50. As a last step for our performance evaluation, we address instead the resource efficiency of the different grant-free schemes for the same target outage probability. Figure 7 displays the minimum required bandwidth W min for achieving the outage probability P out,t = 10 −5 as a function of the number of users sharing the same resources, assuming K = 1, I = s = min 10 −3 , 1 − P d and M = 4 receive antennas. The minimum bandwidth obviously increases with the packet arrival rate. The SAW B scheme is always more efficient than the SAW A scheme in terms of allocated shared resources; as analyzed earlier, this comes at the expense of extra granted resources out of the shared bandwidth in case the SG for the retransmission is correctly received. For λ = 10 −5 , the dependency of the required bandwidth from the number of users is negligible, while it becomes significant at higher arrival rates. The blind approach leads to the lowest minimum required bandwidth in case of sporadic arrivals, clearly benefiting from the higher number of retransmissions. At higher arrival rates, the blind approach is instead penalized by the collisions, and the minimum required bandwidth increases. The SAW B scheme becomes more efficient than the blind scheme at λ = 10 −3 for a sufficiently large number of users. At frequent arrival rates, the SAW B scheme is largely the most efficient solution, while the blind scheme requires same or even larger bandwidth than the SAW A scheme for a high number of users. 
V. CONCLUSIONS AND FUTURE WORK
In this paper we have studied the reliability of different uplink grant-free schemes over shared radio resources with a constraint in maximum number of transmissions, considering operations over Rayleigh fading channels and a Maximum Ratio Combining (MRC) receiver at the base station. In particular, we have considered two Stop-AndWait (SAW) approaches and a solution based on blind retransmissions, while a traditional grant-based scheme is studied as a baseline. We have presented an analytical model for such schemes, where identification and signaling errors are also included and the decoding error probability is based on recent results on limited codeblock length transmission.
Results show that operating over a large bandwidth is beneficial in terms of packet failure rate despite of the lower power spectral density and the higher vulnerability to collisions, thanks to the lower coding rate. In case of 2 receive antennas, the grant-free schemes can hardly achieve a target outage probability of 10 −5 , especially at high packet arrival rates. The blind approach shows the best performance at least at low and medium packet arrival rate, especially in the absence of identification and signaling errors. The failure probability is instead significantly lower than the target in case of 4 receive antennas, with the SAW scheme with scheduled retransmissions performing as the best in the presence of signaling errors. In general, the grant-free options outperform traditional grant based transmission for the same tight latency target. The SAW scheme with scheduled retransmissions is also the most efficient in terms of required shared resources at frequent packet arrival rates, given the possibility of relying on scheduled retransmissions out of the shared bandwidth.
We believe the presented model and results can be used as a reference for empirical system level analysis of uplinkgrant free solutions. Future work will consider the impact of optimal combining receivers with interference suppression capabilities. Further, a detailed analysis on the signaling errors including miss detection of reference sequences will be carried out.
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